T he existence of the renin-angiotensin system in the adrenal gland is now generally accepted, and the factors that regulate adrenal renin have been examined by several investigators.
1 " 6 Our laboratory reported that adrenal renin is stimulated by low sodium and high potassium diet and by bilateral nephrectomy in the rat in vivo. 1 -2 Although circulating angiotensin II (Ang II) is an important factor in the kidney that inhibits the secretion 7 and production of renin, 8 " 10 the effect of Ang II on adrenal renin has not been clear.
We reported that after bilateral nephrectomy, the stimulation of adrenal renin, which is due to the increased levels of plasma potassium and adrenocorticotropic hormone (ACTH), is inhibited by the infusion of Ang II. 3 This finding suggests the existence of a negative feedback system between circulating Ang II and adrenal renin, similar to the kidney. Recently, we developed a primary monolayer culture of adrenal glomerulosa cells of the rat and demonstrated increased production of adrenal renin and aldosterone in response to ACTH and high potassium." The purpose of this study was to characterize the effect of Ang II on renin production in the adrenal gland using the primary monolayer culture of adrenal glomerulosa cells of the rat.
Methods

Cell Culture
Female Sprague-Dawley rats (Harlan Sprague Dawley, Indianapolis, Ind.) weighing 150-175 g were killed by decapitation, the adrenals were removed, and the capsular portion (zona glomerulosa cells) was separated from the decapsular portion (fasciculata medullary cells). The capsular portion was cut into small fragments, and the cells were dispersed by collagenase and suspended in PFMR-4 medium (Biofluid Inc., Rockville, Md.) with 10% fetal calf serum with the additives described previously. 11 The cell suspensions were seeded in 24-well plastic culture plates (Corning, N.Y.), coated with fibronectin (0.7-1 .OxlO 5 cells per well), and incubated in an atmosphere of 95.5% air and 4.5% CO 2 at 37°C. After 48 hours of incubation to allow for cell attachment, the medium containing fetal calf serum was removed from the wells, the cells were washed twice with Medium-199 (Sigma Chemical Co., St. Louis, Mo.) and were supplemented with vitamin C (18 /xg/ml), vitamin E (0.47 iiglm\), penicillin G (100 units/ml), streptomycin (100 /xg/ml), fungizone (1 /ig/ml), and 0.2% bovine serum albumin. Approximately 70% of initially seeded cells remained attached to the wells. Then the supplemented Medium-199 (K + , 3.5 mM) was replenished, and the cells were exposed to ACTH (10"" M, fragment 1-24, Sigma), high potassium (8 and 12 phate (db-cAMP) (KT 3 M, Sigma), or Ang II (lCT 11 to 10" 3 M, Sigma) for another 24 hours. Medium was collected for the measurement of renin activity and aldosterone. At the end of the experiment, the cells were collected for the measurement of renin activity as described previously. 11 The medium and the cells were frozen at -70°C until assay. Some of the wells were used for the measurement of cell number. At the end of the experiment, the cells were detached by incubation with 0.5 ml HEPES buffer (pH 7.4) containing 0.04% trypsin, 0.04% EGTA, and 2% potyvinyipyrrolidone for 10 minutes at 37°C and were counted in a hemocytometer.
Radioimmunoassay of Renin and Aldosterone
Cells stored at -70°C were thawed at 4°C and frozen again on dry ice. The freezing/thawing cycle was repeated three times to homogenize the cells before the assay. As described previously, 11 this process does not alter the ratio of active to inactive renin in the cells because when adrenal capsules are quickly homogenized and renin is measured, the ratio is very similar to what is found in the cells after the freezing and thawing process. Active renin in the cell homogenate was measured as previously described. 11 Total renin was measured by the trypsin activation method. 1112 The cell homogenate was incubated with trypsin (0.1 mg/ml sample, type III, Sigma) for 1 hour at 4 C. The reaction was stopped by the addition of lima bean trypsin inhibitor (0.3 mg/ml sample, type II-L, Sigma). Inactive renin was calculated as the difference between total renin and active renin. Renin activity in the medium was measured by the same method as cellular renin activity, except 200 yl medium (pH 7.4) was used as a sample. As described previously, 11 both active renin and trypsin-activated inactive renin are inhibited by an anti-hog kidney renin monoclonal antibody 13 and the renin inhibitor (CP71362, Pfizer Laboratories, New York City). This renin inhibitor completely inhibited renin activity in a rat kidney extract at 1 /iM, and 100 nM caused an 80% inhibition of the kidney renin activity. Approximately 80% of active and total renin activity both in the cells and in the medium was inhibited by 1:100 dilution of the antibody, and the renin inhibitor also inhibited these renin activities by 90% at a concentration of 100 nM.
Aldosterone in the medium was measured by direct assay using a radioimmunoassay kit (Coat-a-Count, Diagnostic Products, Los Angeles).
Statistical Analysis
Results are normalized to one million cells for renin (ng angiotensin I [Ang I]/one million cells/8 hours of renin assay incubation) and for aldosterone (ng/one million cells). The results of the experiments were expressed as the mean±SEM. The data were analyzed statistically by one-factor analysis of variance and Fisher's probability of the least significant difference test. Significance was defined as a value of /?<0.05. Figure 1 shows the effect of Ang II on aldosterone secretion. Ang II stimulated aldosterone secretion into the medium in a dose-dependent fashion (from 84.0 ±14.2 in control to 335.2±67.0 ng/10 6 cells at 10" 8 M). Figure 2 shows the effect of Ang II on renin activity in the medium and in the cells. In the medium, inactive renin accounted for a dominant part of total renin activity, whereas in the cells, active renin was dominant. Ang II stimulated inactive renin in the medium from 2.59±0.40 in control to 6.14±0.49 ng Ang I/10 6 cells/8 hr at 10" 5 M, whereas active renin in the medium was not stimulated. In the cells, active renin was stimulated by Ang II; active renin increased from 1.21 ±0.20 to 2.39±0.16 ng Ang I/10 6 cells/8 hr at 10" 5 M. To verify if these stimulatory effects of Ang II were mediated by the specific receptor for Ang II, the effect of the nonpeptide Ang II antagonist DuP 753 (Du Pont Company, Wilmington, Del.) was examined. Various amounts of DuP 753 (10~* to 10" 5 M) were added to the culture medium containing 10" 7 M of Ang II and incubated for 24 hours. DuP 753 inhibited Ang IIstimulated aldosterone, inactive renin secretion in the medium, and active renin in the cells dose dependently and caused almost complete inhibition at 10" 5 M (Figure 3) ; however, DuP 753 had no effect on the basal levels of aldosterone, renin in the cells, and renin in the medium (data not shown). Figure 4 shows the effect of Ang II on ACTHstimulated renin in the medium and in the cells. In this experiment, 10"" M ACTH was added to the medium. This concentration of ACTH has been shown to cause 50% maximal stimulation of renin production. 11 In the medium, 10~" M ACTH alone stimulated inactive renin significantly, and the addition of Ang II (10~7 M) inhibited this stimulation (control, 4 To further study the intracellular mechanism of ACTH stimulation, the effect of db-cAMP (10~3 M) was examined. Figure 5 shows the effect of db-cAMP and the combination of db-cAMP and Ang II on renin activity in the medium and in the cells. Inactive renin in the medium was stimulated significantly by db-cAMP, and the addition of Ang II (10~7 M) inhibited this stimulation (control, 3 Figure 6 shows the effect of Ang II on high potassium-stimulated renin activity. Inactive renin in the medium and both active and inactive renin in the cells were stimulated by high potassium in a dose-dependent fashion. The stimulated renin levels after high potassium, even at 12 mM, were lower than those after ACTH or db-cAMP stimulation (approximately one fourth and one third compared with ACTH and db-cAMP, respectively). Medium inactive renin increased from 5.14±0.07 in control to 11.27±0.87 after 12 mM K + ; active renin in the cells from 1.02+0.10 to 2.06±0.10; inactive renin in the cells from 0.17+0.15 to 1.43±0.27 ng Ang 1/10* cells/8 hr. The addition of Ang II to the high potassium medium did not inhibit the high potassium-stimulated renin activity but had an additive effect (medium inactive renin, 16.00±0.36; cell active renin, 2.92±0.39; cell inactive renin, 2.47±0.04 after the addition of Ang II at 12 mM K + ). Table 1 shows the effect of Ang II on ACTH-, db-cAMP-, and high potassium-stimulated aldosterone secretion in the medium. ACTH, db-cAMP, and high potassium stimulated aldosterone secretion by 19-fold, 13-fold, and ninefold, respectively. The addition of Ang II showed no significant effect on ACTH-and dbcAMP-stimulated aldosterone, although there was slight increase. High potassium-stimulated aldosterone further increased after the addition of Ang II.
Results
Discussion
The effect of Ang II on adrenal renin is complex and different from that on the kidney. It has both a stimulatory and an inhibitory effect on adrenal renin production by the cultured adrenal glomerulosa cells in the rat.
Ang II alone had comparatively weak but significant stimulatory effect on the levels of active renin in the cells and inactive renin in the medium. Because inactive renin is regarded as prorenin 14 -16 and likely to be secreted constitutrvely, 16 
"
18 the predominant increase in inactive renin in the medium may reflect the activation of renin messenger RNA (mRNA) transcription in the cells and subsequent increase in prorenin and renin production. In fact, the increase in active renin in the cells after any stimulation is always associated with an increase in inactive renin secretion into the medium, and there is a strong positive correlation between the two (r=0.85, p<0.00\). Therefore Ang II probably stimulates renin synthesis in the glomerulosa cells. The stimulatory effect of Ang II on renin and aldosterone was completely inhibited by DuP 753, which is a specific nonpeptide angiotensin subtype 1 (ATi) receptor antagonist, 19 -21 indicating that the stimulatory effect of Ang II is mediated by AT, receptors. These findings are in clear contrast with the effect of Ang II in the kidney. In the kidney, Ang II is an important inhibitory factor of renin secretion from the juxtaglomerular cells. 7 Ice et al 8 and more recently Johns et al 9 and Nakamura et al 10 reported that the infusion of Ang II also inhibited renin mRNA production in the rat kidney, suggesting that there is a negative feedback between circulating Ang II and kidney renin production as well as secretion at the level of transcription of the renin gene. It is generally accepted that the inhibitory effect of Ang II on renin release from the kidney is mediated by the increased intracellular free calcium.
22
- 23 Recently, Hano et al 24 reported that calmodulin and protein kinase C in the juxtaglomerular cells have an inhibitory role in renin release from the kidney. cAMP is an intracellular second messenger of ACTH. In this study, db-cAMP (10~3 M) significantly stimulated renin production in the glomerulosa cell culture. After stimulation by db-cAMP (10~3 M), inactive renin in the medium reached 75% of the inactive renin level after ACTH stimulation, suggesting that the stimulatory effect of ACTH on adrenal renin production is mainly mediated by cAMP. The existence of a cAMP-responsive element in the 5' flanking region of the rat renin gene was reported by Fukamizu et al. 25 Nakamura et al 26 have demonstrated, using chloramphenicol acetyltransferase assay, that the cAMP responsive element in the mouse renin gene promotes transcription in response to 8-bromo-cAMP. Accordingly, in the rat glomerulosa cell cultures, cAMP possibly stimulates renin production through the enhancement of renin gene transcription. We also showed that Ang II inhibited both ACTH-and db-cAMP-stimulated renin production, whereas high potassium-stimulated renin production was not inhibited. These findings suggest that Ang II inhibits a specific action of intracellular cAMP on renin production.
We have reported that bilateral nephrectomy increases adrenal renin, which is caused by the increased levels of plasma potassium and ACTH, and that the infusion of Ang II inhibits the stimulation of adrenal renin in the rat in vivo. 3 Our present results confirm these previous data and suggest that the inhibition of renin production after Ang II infusion in nephrectomized rats is caused by the effect of Ang II on ACTHstimulated renin production.
The synthesis of cAMP is regulated by adenylate cyclase. Woodcock and Johnston 27 and Hausdorff et al 28 showed that Ang II inhibited adenylate cyclase activity in the glomerulosa cells, and this inhibitory action of Ang II was mediated by the inhibitory guanine nucleotide regulatory protein. These findings suggest the possibility that the inhibitory effect of Ang II on ACTHstimulated adrenal renin production might be due, in part, to inhibition of cAMP production in the glomerulosa cells. However, our results show that the major inhibitory effect of Ang II is distal to cAMP production because the stimulatory effect of exogenousry added db-cAMP is inhibited by Ang II as well as the effect of ACTH.
In conclusion, the effect of Ang II on adrenal renin is different from the kidney. Ang II alone has relatively weak stimulatory effect on renin production in the glomerulosa cells of the rat. On the other hand, Ang II has an inhibitory effect on ACTH-stimulated adrenal renin. The present results suggest that the inhibitory effect of Ang II is in the distal pathway beyond cAMP production. The inhibition of bilateral nephrectomystimulated adrenal renin by Ang II infusion in vivo is possibly caused by this inhibitory effect of Ang II on the ACTH action.
